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Abstract
We present an efficient photon-echo experiment based on atomic frequency combs [Phys. Rev. A 79, 052329 (2009)].
Echoes containing an energy of up to 35% of that of the input pulse are observed in a Pr3+-doped Y2SiO5 crystal.
This material allows for the precise spectral holeburning needed to make a sharp and highly absorbing comb structure.
We compare our results with a simple theoretical model with satisfactory agreement. Our results show that atomic
frequency combs has the potential for high-efficiency storage of single photons as required in future long-distance
communication based on quantum repeaters.
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1. Introduction
The distribution of entanglement over long distances
is a critical capability for future long-distance quantum
communication (e.g. quantum cryptography) and more
generally for quantum networks. This can be achieved
via so-called quantum repeaters [1, 2, 3, 4], which can
overcome the exponential transmission losses in opti-
cal fiber networks. Quantum memories (QM) for pho-
tons [5, 6, 7, 8, 9] are key components in quantum re-
peaters, because the distribution of entanglement using
photons is of probabilistic nature due to the transmis-
sion losses over long quantum channels. QMs enables
storage of entanglement in one repeater segment until
entanglement has also been established in the adjacent
sections. For quantum repeaters a QM should be able
to store single-photon states with high conditional fi-
delity F and with high storage and retrieval efficiency,
η [4]. Further, it has recently been shown that in or-
der to reach useful entanglement distribution rates in a
repeater, QMs with multiplexing capacity (multimode
QM) are necessary [3, 10].
Significant progress have been achieved lately using
atomic ensembles for manipulating the propagation and
quantum state of an optical field, see Hammerer et al.
[11] for a recent review. Storage of single photons
using electromagnetically induced transparency (EIT)
has been demonstrated with warm [7] and cold vapors
[6, 8] of alkali atoms. Storage of light at the single
photon level has been demonstrated also in rare-earth-
ion-doped crystals (REIC) [9]. REICs are characterized
by large optical inhomogeneous broadening which en-
ables storage and recall of coherent information by ma-
nipulating and controlling the inhomogeneous dephas-
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ing using echo techniques. Although traditional pho-
ton echoes cannot readily be used in the single-photon
regime due to spontaneous-emission noise induced by
the pi-pulse [12], photon echo techniques avoiding this
noise have been proposed; controlled reversible inho-
mogeneous broadening (CRIB) [13, 14, 15, 16, 17] and
more recently atomic frequency combs (AFC) [18]. The
AFC protocol may offer a breakthrough for the practi-
cal construction of quantum repeaters capable of achiev-
ing sufficient entanglement distribution rate, since the
number of modes that can be stored in an AFC QM is
independent of the memory material absorption depth.
Since the proposal of the AFC scheme, storage of light
pulses at the single photon level (so called weak coher-
ent states) has been shown in Nd3+:YVO4 [9]. The fi-
delity of the storage was measured by storing a time-
bin qubit and performing an interference measurement
on the recalled qubit. The resulting interference fringe
visibility was V=95%, which corresponds to a fidelity
F = (1+V)/2 [19] of 97.5%. This shows that light at the
single photon level can be stored and retrieved without
introducing noise, and future experiments are likely to
improve the fidelity further. The combined storage and
retrieval efficiency, however, was only 0.5% in that ex-
periment. A more recent experiment in Tm3+:YAG [20]
showed improved efficiency of 9%, also with weak co-
herent states. Finally, storage of 64 weak coherent states
encoded in different temporal modes has been achieved
in Nd3+:Y2SiO5 [21], underlying the high multimode
capacity of the AFC scheme. In view of these encour-
aging results in terms of fidelity and multimode storage,
it is clear that increasing the efficiency is of great im-
portance, particularly in the perspective of future long-
distance quantum repeaters where QM efficiencies of
90% are necessary with the architectures known today
[4].
Here we report a photon-echo experiment based on
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an AFC in a Pr3+-doped Y2SiO5 crystal. We measure
echoes containing an energy of up to 35% of that of the
input pulse, which is the highest AFC echo efficiencies
measured so far. This shows that AFC-based schemes
can be used for efficient light storage. This improve-
ment is possible because of a good control of the proce-
dure that creates the atomic frequency comb, via optical
pumping techniques, and because of a storage medium
with high optical depth. Combs with peaks of widths
100-300 kHz with peak absorption depths approaching
10 were created inside a transparent region created by
optical pumping techniques in a part of the inhomoge-
neous profile in a Pr3+:Y2SiO5 crystal. We also examine
parameters related to the experimental optimization of
the efficiency and compare to a theoretical model in or-
der to understand how to further improve the efficiency
of storage and retrieval from a memory using the AFC
scheme.
The paper is organized in the following way. In Sec.
2 we give an overview of the theory of AFC. In Sec.
3 the experimental setup is described. Preparation of a
narrow periodic series of absorption peaks is discussed
in Sec. 4. In Sec. 5 experimental results of AFC echoes
are presented and compared with the theoretical model.
Conclusions are given in Sec. 6.
2. Theory of AFC
We consider an ensemble of atoms with a transition
|g〉− |e〉 having a narrow homogeneous linewidth γh, but
a large inhomogeneous broadening Γin ≫ γh. There are
thus many addressable spectral channels within the op-
tical transition. We also assume that there is at least one
more meta-stable ground state, |aux〉, having a long pop-
ulation lifetime. This allows a high-resolution spectral
shaping of the |g〉 − |e〉 transition by spectral hole burn-
ing, where |aux〉 is used as population storage reservoir.
These properties are often found in rare-earth-ion-doped
crystals [22, 23], which are considered here. The de-
tailed experimental procedure for precise spectral shap-
ing depend on the particular system. In Section 4 we
discuss the procedure for Praseodymium doped Y2SiO5
crystals.
We assume that the inhomogeneously broadened
transition has been shaped into a periodic series of nar-
row peaks, called an atomic frequency comb, see Fig
3. We further assume that the light pulse to be stored
has a spectral bandwidth, γp, larger than the periodic-
ity in the comb (γp > ∆), but smaller than the total
comb structure. The interaction between the input pulse
and a ground-state population grating versus frequency
generally results in a photon echo emission after a time
1/∆, which is used in accumulated or spectrally pro-
grammed photon echoes [24, 25, 26, 27, 28, 29]. The
echo emission arises from the evolution of the atomic
coherence induced by the input pulse, which periodi-
cally rephases due to the periodicity in the atomic popu-
lation grating. In typical echo experiments only a small
fraction of the input pulse is re-emitted in the echo and
the storage time is not variable since it is set by the pre-
determined grating periodicity ∆. This is not useful for
quantum repeaters where efficiencies close to 100% and
on-demand read-out of the quantum memory is neces-
sary [3]. Solutions to these issues were, however, re-
cently proposed in Ref. [18].
In Ref. [18] it is shown theoretically that a comb-
shaped grating consisting of sharp and strongly absorb-
ing peaks could generate a very efficient echo. This
can be understood in terms of the Fourier-transform of
the grating function, which governs the evolution of the
atomic coherence. The periodicity in frequency results
in a periodic time evolution, with an overall decay given
by the width of the peak in the comb. For a series of
well-separated Gaussian peaks, with full width at half
maximum (FWHM) γ, the decay (dephasing) is given
by e−t2γ˜2/2 where γ˜ = γ/
√
8 ln 2. For the first echo
emission at t = 2pi/∆ this dephasing factor becomes
e
− 1
F2
pi2
4 ln 2 (note that the factor applies to the field ampli-
tude), where F = ∆/γ. From this observation it follows
that a high-finesse grating strongly reduces the intrin-
sic dephasing. In general the dephasing factor (for the
field amplitude) is given by the Fourier-transform of one
peak in the comb.
Obtaining a high efficiency echo also requires a
strong interaction between the ensemble of atoms and
the field, which can be achieved by a high absorption
depth, d. It is shown in Ref. [18] that the comb ab-
sorbs uniformly over the photon bandwidth, under the
assumption that γp > ∆. The effective absorption ˜d
depth depend on the exact shape of the peaks in the
comb, but in general it decreases with increasing F for
a given peak amplitude, since the total number of atoms
decreases. For Gaussian peaks one finds that ˜d ≈ d/F,
and the fraction of the input light that is transmitted
through the AFC is given by [18]
T = e− ˜d, (1)
while the absorption is simply given by 1 − T . For an
AFC consisting of peaks with Gaussian line shape the
resulting echo efficiency is given by (see [18] for the
derivation)
3
η = ˜d2e− ˜de−
1
F2
pi2
4 ln 2 , (2)
where qualitatively the first factor can be understood as
the coherent response of the sample, the second factor
the re-absorption of the echo and the last factor the pre-
viously mentioned dephasing. For a high finesse, F, and
high peak absorption d, the efficiency tends to a max-
imum of 54% for an effective absorption depth ˜d=2,
limited by re-absorption of the echo. Higher efficiency
can be achieved using three-level storage and counter-
propagating fields [18] (see below). In this work we
show experimental efficiencies up to 35%, which is sig-
nificantly higher than previous AFC experiments. This
improvement results from our ability to make high fi-
nesse, high absorbing comb structures.
We also note that a solution to the predetermined
storage time was proposed in [18] (see above). It is
based on coherent transfer of the excited state ampli-
tude to a long-lived ground state coherence, for instance
a spin coherence, before the appearance of the echo.
The memory can be read-out by transferring back the
amplitude to the excited state, after a time determined
by the user. This aspect of the proposal was recently
demonstrated experimentally [30]. A three-level sys-
tem and counterpropagating control pulses allows for a
spatial reversal of the propagation of the echo (so called
backward recall). In the absence of dephasing backward
recall can reach 100% efficiency by cancelation of the
re-absorption, as discussed in Refs. [13, 31, 15, 32, 18]
3. Experiment
The measurements were performed on the site 1 tran-
sition 1D2 −3 H4 at 605.977 nm in a Pr3+:Y2SiO5 crystal
immersed in liquid helium at a temperature close to 2.1
K. The sample was 20 × 10 × 10 mm3 and had a Pr3+
concentration of 0.05% which gives an absorption depth
in the range 60 < d < 80 [33] at the center of the inho-
mogeneous profile. The high absorption was critical in
order to obtain highly absorbing peaks (see Sec. 4).
A ring dye laser (Coherent699-21) using Rhodamine
6G pumped by Nd:YVO4 laser (Coherent Verdi) is used
to give 600 mW output power at λ = 605.977 nm. The
laser is stabilized against a spectral hole in a second
Pr3+:Y2SiO5 crystal, yielding a coherence time >100 µs
and a frequency drift <1 kHz/s [34]. In order to create
the desired pulse shapes and to eliminate beam move-
ment accompanying frequency shifts, the laser light was
passed twice through a 200 MHz acousto-optic modula-
tor (AOM) with a bandwidth of 100 MHz. A 1 GS/s ar-
bitrary waveform generator (Tektronix AWG520) con-
trolled the AOM, allowing direct control of the light
pulse amplitude, phase, and frequency.
After the AOM, the light passed through a single
mode optical fiber to clean up the spatial mode. A beam
sampler removed a small percentage of the light before
the cryostat to be used as a reference beam. The rest
of the beam passed through a λ/2 plate, such that the
light polarization could be aligned along the transition
dipole moment direction to give maximum absorption.
The beam was then focused to a 100 µm radius at the
center of the sample, which gave Rabi frequencies of
maximum 2 MHz for the strongest transitions.
The spectral structures were measured by scanning
the light frequency across the spectral structure and
recording the intensities of both the transmitted and the
reference beams [35]. The signals from the detectors
were divided to reduce the effect of laser amplitude fluc-
tuations. The intensity of the probe pulses were chosen
such that they did not affect the created spectral struc-
tures during the readout process. The scan rate was also
set such that it had negligible effect on the resolution of
the recorded spectra (see discussion below).
4. Preparation of AFC
Creating the atomic frequency comb structure, with
good control of all necessary parameters, such as peak
height, width, separation and number of peaks, can be
challenging. Especially considering that the frequency
comb structure also preferably should be well separated
in frequency from all other absorbing atoms in the ma-
terial. However, in rare-earth-metal-ion-doped crystals
the inhomogeneous absorption profile can indeed be ef-
ficiently manipulated, providing the flexibility needed
to meet all those requirements. This flexibility is use-
ful not only for AFC, but also for many other similar
experiments, such as electromagnetically induced trans-
parency (EIT) [36], slow light [33] or quantum comput-
ing [37, 38]. Since the precise control of the absorption
structure is of particular concern for this paper, we will
here make a detailed description of how to create a test
platform for AFC experiments and essentially the same
technique can be used also for the other listed experi-
ments mentioned above.
4.1. Pit creation
The inhomogeneous 1D2 −3 H4 absorption line in
Pr3+:Y2SiO5 is about 5 GHz and the homogeneous line
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Figure 1: (color online) In a) a simple spectral pit created only by scanning a pulse across a specific interval less than 18 MHz is shown (upper
part shows a schematic view and lower part shows actual experimental data). In b) a more optimal pit is shown, where additional burning pulses on
different frequency intervals have iteratively been applied to spectrally remove ions as far from the spectral pit as possible (see text). For an exact
pulse sequence, see Tables I and II in Appendix. Note that the frequency scale in the two experimental figures is different.
width of a single Pr ion is about a kHz at temperatures
below ∼5 K. A chirped laser pulse applied somewhere
within the inhomogeneous profile will create a spectral
hole through optical pumping. The maximum width of
the spectral hole burnt by such a scan is given by the
specific level structure of the Pr3+ ion [39] (see Fig. 2).
After relaxation from excited states the ion has to be in
one of the three hyperfine ground levels, which have a
total separation of 27.5 MHz, but the maximum spectral
hole width is reduced by the hyperfine splitting of the
excited state levels of 9.4 MHz, yielding a final spectral
hole interval of 18.1 MHz. The scanned pulse will thus
create a simple, wide spectral hole, henceforth called a
pit, and is shown in Fig. 1a.
When light pulses are applied to perform operations
inside the pit, they also have a probability to interact
with the tails of the absorption profile of the ions out-
side the pit, and in particular with the ions immediately
outside, forming the walls of the pit. Generally one
would like to avoid such interactions and the simple pit
in Fig. 1a then is not optimal. Fortunately, it is possible
to shuffle many ions in the walls of the pit further away
from the pit. This is illustrated in the top right part of
Fig 1. In this figure, a class of ions having the |0〉 → |e1〉
transition at some specific frequency just inside the pit
and the transitions from the other two ground state lev-
els outside the pit, is displayed. For this ion class, the
simple burning pulse only targets the |0〉-state so only
this ground state will be emptied. However, it is clear
that these ions doesn’t have to be in the |1〉 state, in fact,
it would be better if they could be further shifted out-
wards so that all end up in the |aux〉 state. This can be
done by additional burning pulses at the |1〉 → |e1〉 tran-
sitions. This will cause some ions to go to the |aux〉-state
but also cause some of the ions to fall back down into
the pit, and thus, to get the optimal effect, one would
have to iterate between the pulses burning at the center
of the pit and the ones burning outside it to improve the
walls. Similar techniques can be used on the lower fre-
quency side of pit to obtained the final optimal pit, as
shown in the lower part of Fig.1b.
4.2. Experimental implementation
The exact sequence of pit burning pulses differ de-
pending on the exact level structure of the ion used.
Tab. 1 in the Appendix lists the explicit pulses used to
create an optimal pit in Pr3+:Y2SiO5 in this work, and
Table II in the Appendix lists the order in which we
have applied those pulses. When working in other ma-
terials, essentially the same sequencing can be used, but
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of course, the actual frequencies have to be changed to
match the transitions of the ion in question.
The different optical pumping BurnPitX pulses listed
in Tab. 1 (see Appendix) are repeated and iterated, as ex-
plained in the previous section, in order to create good
shallow walls while maintaining no atoms inside the
pit. The repetition sequence given at the end of the
Appendix is somewhat arbitrary. A higher number of
repetitions reflects the fact that the primarily target tran-
sition has relatively low oscillator strength. The exact
numbers can be changed a bit up or down without sig-
nificant effect on the result. There is a 1 ms waiting
time after every single BurnPitX pulse (see Appendix),
to give excited ions time to decay back to the ground
state before the next pulse arrives. The excited state life-
time is T1=164µs [39].
4.3. Peak creation
After a suitable pit has been created, a narrow selec-
tion of ions is coherently burnt back into the pit. This
narrow ensemble of ions now forms an absorption peak
spectrally clearly separated from all other ions. The
pulses used for this transfer are two complex hyper-
bolic secant pulses (sechyp for short). The first one
targets the |5/2g〉 → |5/2e〉 transition, of ions having
their |1/2g〉 → |1/2e〉 transition at frequency zero (0)
MHz. The second pulse is applied immediately after the
first, before the excited ions can decay spontaneously,
on the |5/2e〉 → |1/2g〉 transition. One could imagine
taking other routes to burn back a peak, but this par-
ticular route is advantageous because the first pulse tar-
gets the strongest transition, which means the exciting
pulse power, and thus power broadening effects, can be
kept at a minimum. The deexcitation pulse on the other
hand then targets a weak transition, but since this transi-
tion is inside the pit and spectrally far away from other
ions, the power can here be increased without any power
broadening effects.
Fig. 2 briefly illustrates how to create such a peak
structure, and also displays an experimentally cre-
ated version. Creating a full atomic frequency comb
from this situation, is now the relatively simple mat-
ter of adding additional coherent burn-back pulses, with
appropriate frequency offsets, creating the additional
peaks. The shape of the peaks, as well as width and ab-
sorption height, is determined by the burn-back pulses.
Changing the spectral shape of these pulses will change
the shape of the peaks, and increasing the pulse power
will cause more ions to be transferred, which results in
higher absorption peaks (as long as there is enough ions
available in the crystal at that frequency). This yields
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Figure 2: (Color online) Top part shows the sequence and position of
the pulses that burns back a narrow ensemble of ions into an empty
spectral pit. The lower b) part shows an experimental version of such
a created peak structure. The difference in height of the three different
transition from the |0〉 state, comes from the fact that these transitions
have different oscillator strength.
a good control over all the essential parameters of the
AFC.
4.4. Comb structure measurement
One of the goals of this work was to compare the ob-
served AFC echo efficiency with the one predicted by
the theoretical model discussed in Sec. 2. This requires
a precise measurement of the AFC structure in order to
determine the shape, width and height of the peaks. To
do this the laser was slowly swept in frequency across
the created AFC structure and the transmitted light in-
tensity was detected after the sample. From this trans-
mission profile of the structure, the absorption spectrum
can be calculated. The intensity of the scan pulse was
chosen such that it did not affect the created spectral
structure. For most comb measurements we chose to
scan the laser over one peak only and lowered the scan
rate to a minimum. This is to reduce the effect of the
scan rate on the measurement resolution [40, 35]. By
varying the rate we confirmed that the measured width
was indeed independent of the scan rate.
The comb was created on the |1/2g〉 → |1/2e〉 transi-
tion in order to maximize the absorption. It is, however,
very challenging to measure absorptions above d=3-4.
In order to circumvent this problem we instead mea-
sured the comb structure on the weaker |1/2g〉 → |5/2e〉
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transition, cf. Fig. 2. The ratio of these two transi-
tions is known from previous work [41], thus the op-
tical depth of the |1/2g〉 → |1/2e〉 transition is readily
inferred from the measured absorption spectrum.
5. Results and discussion
The input pulse is stored on the |1/2g〉 → |1/2e〉 tran-
sition, which is the transition for ions in state |1/2g〉
with the highest oscillator strength. This results in a
comb with high optical depth d. The bandwidth of the
AFC is limited by the frequency separation between the
excited states and in the present case this is about 4.6
MHz, as set by the |1/2e〉 and |3/2e〉 separation (cf. Fig.
2). Fig 3, shows a comb containing four peaks, and
where the width of each peak is about γ= 150 kHz. The
separation between the peaks was set to, ∆=1.2 MHz.
The pulse to be stored has a Gaussian shape with du-
ration 200 ns, resulting in a frequency power spectrum
with FWHM 2 MHz (see Fig. 3).
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Figure 3: (Color online) From the inhomogeneous absorption profile,
four peaks with ions, all absorbing on the |1/2g〉 → |1/2e〉 transition
are created. The peak width (FWHM) is γ = 150 kHz and they are
separated by ∆ = 1.2 MHz. The input pulse has a Gaussian power
spectrum with FWHM=2 MHz.
A high-efficiency echo is shown in Fig. 4. The emit-
ted echo is observed after 800 ns, as expected from the
comb periodicity τs = 1/∆=800ns. To be able to cal-
culate the efficiency of the echo, first a reference in-
put pulse is first sent through the empty pit (no AFC
prepared). This pulse is thus completely transmitted
through the sample. The AFC is then prepared inside
the pit and an identical pulse (the storage pulse) is sent
in. This pulse is partially absorbed in the medium and
produces an echo. The ratio between the area of the
echo and the area of the reference pulse gives the stor-
age efficiency. A small part of the reference pulse as
well as of the storage pulse is split off before they en-
ter the cryostat so unintentional input power differences
between the reference and storage pulses can be com-
pensated for. For the data shown in Fig. 4 we measured
an efficiency of 35%. To our knowledge this is the high-
est AFC echo efficiency observed up to date.
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0
0.2
0.4
0.6
0.8
1.0
N
o
rm
a
lis
ed
 
in
te
n
si
ty
 
(ar
b.
 
u
n
its
)
Time (us)
Figure 4: (Color online) The dashed line shows the input pulse that
is completely transmitted through the empty pit (no absorption). The
solid line shows the partially transmitted input pulse and the subse-
quent echo emission with the AFC created in the pit (cf. Fig 3). The
echo efficiency is 35% of the input pulse (see text for details).
As discussed in Sec. 2 the efficiency depends strongly
on the shape of the AFC. Our comb structure measure-
ments show peaks that have near Gaussian shapes. This
facilitates the theoretical modeling since we can use the
simple model discussed in Sec. 2 and we need only
then to measure two parameters; the peak absorption d
and peak width γ (the finesse is calculated from the re-
lationship F = ∆/γ). In order to make a quantitative
comparison with the model, we varied the peak absorp-
tion d and measured the resulting input pulse transmis-
sion and echo efficiency. This was done by increasing
the power of the back burning pulses used in the peak
creation (see Sec. 4.3). For each power setting we also
measured the comb structure to find d and F. The width
of the peaks could be varied by changing the chirp width
of the sechyp pulses used for peak creation. We did
measurements as a function of d for two settings of the
chirp; 200 and 300 kHz. The measured peak widths
7
for these two settings were 175 and 245 kHz, respec-
tively, corresponding to F=6.9 and 4.9. With increasing
back burning power (hence increasing d) the peaks were
slightly broadened due to power broadening, but the ob-
served increase was only 10-15% for the data consid-
ered here. The widths given above are averages over all
back burning powers (hence d values).
In Fig. 5 we show measured transmission coefficients
of the input pulse and the efficiencies of the echo for the
two data sets. The data is plotted as a function of the
measured peak absorption d as extracted from the AFC
spectra. Theoretical transmission and efficiency curves
are also shown. These were calculated using the exper-
imental d values, for different values of finesse. It is
observed that the transmission coefficient is very sensi-
tive to the finesse, whereas the efficiency is less sensi-
tive up to d=4-5. In general the best agreement for the
transmission is obtained for a finesse lower than the one
measured from the comb spectra (see above). We can
also see that the best-fit finesse is lower for the 300 kHz
data set, than for the 200 kHz, which is to be expected.
The echo efficiency shows a reasonably good agreement
with all three values of the finesse up to d=4-5. But for
d ≥ 5 the discrepancy between the experimental and
theoretical values becomes significant for F=4 and 5,
while for F=3 it is still satisfactory.
The general trend, for both transmission and effi-
ciency, is that our data fit better with a finesse lower
than the measured one. This comparison is however
made within the theoretical framework of Sec. 2 where
a comb of Gaussian peaks was assumed. Both the trans-
mission and echo efficiency are strongly dependent on
the actual peak shape [18, 20]. For instance, the same
comparison with a Lorentzian model [20] yields very
different best-fit values for the finesse. Although much
effort was devoted to the precise measurement of the
comb structure, it is still conceivable that the actual
peak shape deviate from pure a Gaussian shape. Par-
ticularly since the sechyp pulses used for peak creation
have power spectra with more super-Gaussian shape
[35]. Another source of error could be imperfections in
the peak creation pulses, where the high power needed
to obtain high optical depth might generate an increase
in the absorption background due to off-resonant exci-
tation. Such an additional absorption will reduce both
the experimental transmission and efficiency [9] com-
pared to the theoretical model in Sec. 2 where such an
absorption background is neglected. This would partic-
ularly affect the high d range, where indeed we observe
a larger discrepancy.
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Figure 5: (Color online) Measured transmission of the input pulse
(open circles and left axis) and echo efficiency (closed circles and
right axis) as a function of the measured optical depth for two different
experimental values of the finesse, (a) F = 6.9 and (b) F = 4.9. The
dashed lines are theoretically calculated transmission coefficients and
solid lines are calculated efficiencies for (a) F=4,5 and 7, and for (b)
F=3,4 and 5 (see text for details).
6. Conclusions
We have in detail described optical pumping and
preparation procedures for creating AFC structures in
Pr3+:Y2SiO5 . We were able to make comb structures
yielding > 30% AFC echo efficiency, which are the
most efficient AFC echoes observed up to date. We be-
lieve that further progress will be possible, by carefully
optimizing the comb parameters. It should thus be pos-
sible to approach the theoretical limit of 54% used in
the present forward-propagation configuration. In or-
der to make a significant further progress, recall in the
backward direction would be necessary, in which case
100% efficiency is theoretically possible in the absence
of dephasing.
In this work we also compared the experimentally ob-
served efficiencies to a theoretical model. Considerable
care has been put into determining the line shape and
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line width of the generated AFC structure with good
precision in order to be able to theoretically model the
experimental efficiencies. Still, at high optical densities
the finesse required to theoretically reproduce the exper-
imental echo efficiency are lower than those measured
experimentally. Nevertheless, the present results indeed
show that high efficiency QMs can be created using the
AFC technique.
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8. APPENDIX
The optical pumping pulses used for creating the pit
structure in Fig. 1b are shown in Tab. 1.
8.0.1. Table I
Pulse νstart/MHz νend/MHz Ωrel
BurnPit1 +31.85 +24.15 3/2g → 1/2e
BurnPit2 +23.85 +16.15 3/2g → 5/2e
BurnPit3 +15.95 +7.65 3/2g → 5/2e
BurnPit4 +23.85 +16.15 3/2g → 5/2e
BurnPit5 -16.85 -9.15 5/2g → 5/2e
BurnPit6 -8.85 -1.15 5/2g → 1/2e
BurnPit7 +15.95 +7.65 3/2g → 5/2e
BurnPit8 +7.35 -1.10 3/2g → 5/2e
BurnPit9 -1.10 +7.35 5/2g → 1/2e
BurnPit10 +7.65 +15.95 5/2g → 1/2e
Table 1: List of pulses used for the pit burning sequence, with start
and end frequencies. This set of pulses will create the pit Fig. 1b with
zero absorption (no absorbing ions) from -1.2 MHz up to 16.2 MHz.
The frequency scale is defined by denoting the |1/2g〉 → |1/2e〉 tran-
sition, for an arbitrarily selected ion class, as zero MHz. The column
Ωrel lists the primary target transition of the scan for the purpose of
knowing what light intensity to choose in order to match the Rabi fre-
quency to the relative oscillator strength. Note that pulses number 2
and 4 are the same, as is pulses 3 and 7.
These pulses are then repeated in an iterative se-
quence in the following manner
1. Repeat 60 times: BurnPit5, BurnPit6
2. Repeat 30 times: BurnPit1-4, BurnPit6-10
3. Repeat 20 times: BurnPit1-4, BurnPit6
4. Repeat 30 times: BurnPit7-10
finally yielding the pit in Fig. 1b.
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